We have determined theoretically some critical kinetic parameters in the mechanism of NO, reburning under flow-reactor conditions. Specifically, using a variety of electronicstructure methods to investigate the potential energy surfaces and the maximum free energy method of Quack and Troe to determine the resulting rate coefficients, we have deduced the values of k, and k, for the reactions, to be k, = 7 x lo', cm3/mole-sec. and k, = 2 x lo', cm3/mole-sec. independent of temperature for 300 K < T < 2700 K. With such fast reactions converting HCNO to NO, a critical parameter in the reburn mechanism is a(T) = k,,(T)/k,(T), the branching fraction of the HCCO ( R W Again using PES information from a variety of electronic-structure methods, we have used the statistical-theoretical methodology of Miller, Parrish, and Brown to determine a (T) = 0.985 expJ-T/1748), valid for 300 K < T < 2000 K. Using a value of k, = k,, + k,, + k,, = 2.4 x 10 cm3/mole-sec. independent of temperature ( consistent with experimeng we have determined modified Arrhenius ex ressions for k,, and klb, k,, = 1.17 x lo', To. cm3/molesec. and k,, = 1.45 x exp(-648/RT) cm3/mole-sec for 300 K < T < 2000 K .
( R W Again using PES information from a variety of electronic-structure methods, we have used the
I . Introduction
Reburning [l-31 is a potentially powerful tool for controlling NO, emissions from combustion sources [4, 51. It was developed for use on stationary power plants, particularly coal-fired boilers and furnaces. In the "reburn mode," fuel is burned in three separate stages. Most of the fuel (approximately 85%) is consumed in the first stage, which is operated under slightly lean to stoichiometric conditions. It is this primary stage that produces the NO, as well as other combustion products. In the second stage a cleaner fuel, usually natural gas, is injected into the products of the first stage, creating a fuel-rich "reburn" zone, where small hydrocarbon free radicals react with the NO, converting it primarily to molecular nitrogen and hydrogen cyanine [6-81. Additional air is introduced in the third stage in order to complete the oxidation of any hydrocarbons and CO left from the second stage. In this burnout zone the hydrogen cyanide from the second stage may be either oxidized to NO or converted to N,. In either case the overall three-stage process results in considerably lower NO, emissions than if the fuel were burned in a single stage.
Understanding the chemistry of the reburn zone is clearly a key to understanding and optimizing reburn technology. Recently a number of papers have appeared [e.g. 4, 5, 9, 101 that attempt to characterize this chemistry in some detail, either through chemical kinetic modeling, flow-reactor experiments, or a combination of the two. A particularly stimulatingpaper is that due to Stapf and Leuckel[9] . These authors studied the reaction of natural gas with NO in a laboratory-scale plug-flow reactor at temperatures of 1473 K, 1573 K, and 1673 K and at equivalence ratios from $= 1.1 to 4 = 1.6. They find that the reaction mechanisms of Miller and Bowman [6] , Glarborg and Hadvig [ 111, and Bockhorn, et al [ 121 are not able to account quantitatively for their experimental results. All three mechanisms overestimate the NO removal and the HCN production, particularly under high oxygen concentrations. In all three mechanisms the critical NO removal step is the reaction between ketenyl and nitric oxide, HCCO+NO ++ HCNO+CO, a reaction first hypothesized by Miller and Bowman [6] . In order to remedy the situation, Stapf and Leuckel adopted a model in which reaction (Rla) was suppressed, and the rate coefficients for the two-channel reaction, 
This has the effect of making reaction (Rla) ineffective in removing NO, because the NO removed by (Rla) is simply reformed through (R2) and (R3). Second, when such fast reactions are included in the mechanism, the branching fraction a(T) of the HCCO + NO reaction, a(T) = k,,(T)/k,(T), becomes a critical parameter in the modeling, because it-.
determines the extent to which NO is converted to hydrogen cyanide. In our mechanism we have taken a(T) = 0.65, the same as that determined experimentally (and theoretically) [ 19, 201 for. the isoelectronic NCO + NO reaction. Such a value gives generally good agreement between model and experiment. The purpose of the present paper is to investigate theoretically the feasibility of the mechanism described in the previous paragraph. Such theory has become a powerful tool in gaining insight into combustion chemistry [21] .
The Reburn Mechanism
It is important to understand how the free radicals responsible for NO removd in reburning are formed during fuel oxidation under flow reactor conditions. To this end we have included Fig. 1 , which is a reaction-path diagram (following the fuel carbon) drawn from the modeling of Prada and Miller [18] and Glarborg, et al. [17] . The diagram is not intended to be exhaustive, but only to show how HCCO and CH,, the free radicals primarily responsible for the conversion of NO to HCN, arise during the reburning process.
If ethane is the reburn fuel, the primary path to ketenyl is as follows:
C,H5
(+M) as discussed in the Introduction. When ethylene or acetylene. is the reburn fuel, the route to ketenyl is even simpler -(R7), (R8), and (R9) for C2H4 and (R9) for C,H,
The situation is a little more complicated when methane or natural gas is the reburn fuel. Somewhat surprisingly, the methyl radical primarily reacts with itself under the conditions of interest, even when the reactants are highly diluted with nitrogen, as in the experiments modeled by Glarborg, et al., i.e.
The conversion of methyl to ethane and ethyl is even more dominant under the less dilute conditions studied by Prada and Miller. Nevertheless, the reaction of methyl with NO,
followed by dissociation of H,CN, makes a contribution to the NO + HCN conversion. The contribution is greater in the experiments considered by Glarborg, et al., because the smaller fuel concentrations allow CH, + NO to compete more favorably with the methyl recombination reactions. Once ethane and ethyl are formed, the paths leading to ketenyl and NO conversion are the same as for the C, hydrocarbon fuels.
Obviously, the importance of the CH, + NO reaction depends on the value of its rate coefficient. Miller, et al. [22] have recently studied this reaction theoretically using BAC-MP4 potential energy surface information. They obtained for k, the expression, k, = 3.0 x lo-' T3.,, exp(-3950/RT) cm3/mole-sec., in the temperature range, 1000 K < T < 2500 K. This expression is in remarkably good agreement with the experimental results of Braun-Unkhoff, et al. [13] and Hennig and Wagner [23] and was used by Prada and Miller and Glarborg, et al. in their modeling. It yields rate coefficients that are substantially larger than those used in previous modeling, except for the work of Stapf and Leuckel, who used the Braun-Unkhoff, et al. expression directly. The area of greatest uncertainty in the fuel oxidation mechanism is the fate of vinyl.
Although the rate coefficient of the C,H, + 0, reaction appears to be reasonably well established, the product distribution for T > 1000 K is not [17, 181. Potentially this could be important. In the present model the dominant channel is vinoxy + 0, which can lead to ketenyl (and thus NO removal) through the sequence, -4 -
as shown in Fig. 1 . In the modeling of Prada and Miller, it was necessary to suppress this and other paths to ketene initiated by C,H, + 0, in order to avoid overpredicting the NO removal. The CH,O + HCO product channel, known to be dominant at low temperature [24, 251, is benign in this regard. The vinyl dissociation rate coefficient, which of course depends on temperature, pressure, and composition, has only recently been measured directly for the first time [26] , and then only for a narrow range of conditions. Most of the usable information on the reaction is data for the reverse (addition) rate coefficient at low temperature. However, using these results requires knowledge of AH: for C,H,, which has been a source of controversy in the recent past [17, 26, 271. It should be cautioned that the mechanism discussed here is strictly valid only under "radi~al-poor~' conditions such as those normally encountered in a plug-flow reactor for 1000 K < T < 1400 K. For "radical-rich" situations, e.g. in a low-pressure flame [8] or stirred reactor [7] , methyl and ketenyl are more likely to be converted to smaller hydrocarbon radicals, e.g.
. followed by 'CH, -+ ,CH, + CH -+ C. Under such conditions the dominant NO removal steps normally will be [6,7, 81
111.
reaction (Rla). More precisely, we want to estimate rate coefficients for the reactions,
The Reactions of HCNO with 0 and OH
In this section we consider the fate of HCNO once it is formed as a product in
and
Both reactions (R2) and (R3) are exothermic, AHo = -66 kcallmole for reaction (R2)
and AHo = -3 kcal/mole for (R3), and both take place over relatively deep potential wells, roughly 83 kcaVmole for (R2) and 50 kcal/mole for (R3). Therefore, there is reason to believe that both and k, should be determined by the rate of addition of the radicals to HCNO and that these processes should have relatively low energy barriers. However, since HCNO is a singlet, it is not obvious a priori that the barriers are zero. Nevertheless, extensive searches at the G2Q level [28] of electronic structure theory convinced us that neither reaction had a barrier. In order to make estimates of k, and k,, we have used the "maximum free energy" method of Quack and Troe [29] , which is very simple to implement, requiring only information about the "endpoints" of the reaction, i.e. the stable reactants and the product. The method uses empirical interpolation formulas to obtain values of the Gibbs free energy along the reaction path -5 -between these endpoints. The maximum value obtained determines the rate coefficient, equivalent in principle to canonical variational transition-state theory. The properties of the stable species required for the calculation were determined from electronic structure theorygeometries were obtained using MP2 (Moller-Plessett second-order perturbation theory), energies came from G2 calculations, and the vibrational frequencies used were obtained by scaling Hartree-Fock frequencies.
The rate coefficients obtained are plotted in Fig. 2 . In both cases the calculations indicate that the rate coefficient increases slightly with temperature. However, barrierless reactions normally have rate coefficients that decrease or remain relatively constant with T, and we believe that the present increase may simply be an artifact of the calculation procedure. Consequently, we interpret these results as indicating that k, = 7 x 1013 cm3/mole-sec. and k3 = 2 x 1013 cm3/mole-sec independent of temperature (shown as the solid line in Fig. 2 ). These rate coefficients are approximately a factor of 2 to 3 smaller than those used in the modeling of Glarborg, et al. and Prada and Miller, but they are sufficiently large to insure that the primary fate of HCNO is to regenerate nitric oxide.
Initially, we expected the principal products of reaction (R3) to be CH,O (formaldehyde) + NO. Such products could be formed from a 1 , 2 hydrogen shift in the initial adduct. However, somewhat surprisingly, G2Q calculations show that the saddle pointcorresponding to this 1 , 2 hydrogen transfer lies 13 kcaVmole higher in energy than the HCNO + OH reactants, effectively shutting off this product channel.
IV. The Reaction Between Ketenyl and Nitric Oxide
The reaction between HCCO and NO is clearly the most important reaction for reburning under flow reactor conditions, at least given our present knowledge of the fuel oxidation chemistry. Because the reactions of HCNO with 0 and OH are very fast and form NO as a product, the extent to which HCCO + NO forms stable HCN and CO, is critical.
Reaction (Rl) actually has three energetically accessible channels [30] ,
under combustion conditions. We want to determine a(T) and P(T), where a(T) = k , , ( T ) w n and P(T) = k,,(T)k,(T). Figure 3 is a reaction coordinate diagram taken from the work of Nguyen et al. [30] , who characterized the reaction paths from QCISD and MP4 electronic structure calculations. To calculate a(T) and P(T) we have supplemented their calculations with our own computations of structures and vibrational frequencies of the intermediate saddle points using density functional theory (DFT) [31, 321, with several different functionals [31] , and MP2. With a couple of minor exceptions, all these methods give essentially the same results. We actually use in our calculations of a(T) and P(T) the frequencies and moments of inertia from the electronic structure calculations using the b3pw9 1 functional [3 13.
There are two paths leading from reactants to the initial adducts (or complexes) marked (x) and (y) in Fig. 3 , neither of which has a potential energy barrier. Such processes should be treated using variational transition state theory. However, we do not have enough information about the potential at our disposal to do such a calculation, and this part of the process has relatively little effect on a(T) anyway, since the subsequent barriers to rearrangement for the major product channels lie well below the reactants on the potential energy surface. In such cases, the initial transition-state dividing surfaces, TSDS-0 and TSDS-1 of Fig. 3 , normally determine the total rate coefficient and the subsequent rearrangements determine the product distribution [33]. However, at sufficiently high temperatures there is always the possibility of the initial complexes redissociating back to reactants. This process is also governed by TSDS-0 and TSDS-1. To account accurately for this possibility, we have adjusted the properties of TSDS-0 and TSDS-1 as a function of temperature, mimicking the results of a variational transition state theory calculation, to give the experimental value of the total rate coefficient, k, = k,, + k,, + kIc. Figure 4 shows all the experimental data to date on k,(T). Although Boullart, et al. [ 161 report a rate expression for k, that increases with temperature, their data is quite consistent -: with a constant value of k, = 2.4 x lOI3 cm3/mole-sec, as shown in Fig. 4 . Because of this and because we do not expect k, to increase with T, we have varied the properties of TSDS-0 and TSDS-1 (assuming them to be the same for simplicity) to give this value of k, (normally k, = 2.4 k 0.1 cm'/mole-sec.) at all temperatures considered, 300 K < T < 2000 K.
Using methods introduced by Miller, Parrish, and Brown [34], we treat all the possible rearrangements of the collision complex as a stochastic process, allowing for passage back and forth between the various configurations shown in Fig. 4 any number of times. Because the lifetimes of the intermediate complexes are very short, the reaction occurs without collisions. Thus total energy E and total angular momentum must be conserved explicitly in the calculations. We can write rate coefficient expressions for the three product channels as follows:
(7) and F, (E, J) = f-j + f7.
(8) In these expressions k, is Boltzmann's constant, h is Planck's constant, T is the temperature, J is the total angular momentum quantum number, and QR (T) is the vibrational-rotationaltranslational partition function of the reactants (not including electronic or center-of-mass contributions). The function g,(T) is the electronic partition function of the reactants, The functions fi(E, J)k, i = 0, 1, ..., 7, represent microcanonicallfixed-J probability fluxes per unit energy through the indicated transition-state dividing surfaces of Fig. 3 . They are the same in both directions because of microscopic reversiblity . For purely classical reaction-path motion, fi (E, J) is the sum of states with total angular momentum quantum number equal to J and energy less than or equal to E. The fi (E, J)'s (i = 2, ... 7) are evaluated exactly [34, 22, 331 in the harmonic-oscillator/rigid-rotor approximation with the potential along the reaction coordinate assumed to be described by the Eckart function. Our method of evaluating integrals
The results for k,(T), a(T), and P(T) are given in Table 1 . The branching fraction a(T) decays from about 0.8 at 300 K to 0.3 at 2000 K; P(T) increases with temperature, but never gets as large as lo-,. Reaction (Rlc) thus can safely be neglected for most situations of interest.
The theoretical values of a(T), along with the experimental result of Boullart, et al.
such as (l), (2), and (3) is described in previous papers [34, 22, 33 ].
-.
[16] and the value used in our modeling, are plotted in Fig. 5 .
represented quite accurately by the exponential function,
shown as the dashed line in Fig. 5 . Using k, = 2.4 x l O I 3 cm3/mole-sec., the individual rate coefficients for (Rla) and (Rlb) can be expressed in the modified Arrhenius form as
k,, = 1.17 x 1013 cm3/mole-sec.
(1 1) and k,, = 1.45 x 10l6 T-0.969 exp(-648/RT) cm3/mole-sec. (12) The theoretical result for a(T) is substantially larger than that obtained experimentally by Boullart, et al. [16] , as shown in Fig. 5 , but it is only slightly smaller than the value used in the two modeling studies [17, 181. The theoretical and modeling values can probably be made consistent with relatively minor modifications to both. However, the difference between the theoretical and experimental results is much to,o large to be accounted for by small errors in the theoretical parameters. Nguyen, et al. [30] have suggested that other reaction paths to CO (the species measured by Boullart, et al. were CO and CO,) might exist, which could explain the difference between theory and experiment. However, they were not able to find such low-energy paths; we also have not been able to find them. Consequently, we must conclude that there simply is a large discrepancy between the best experiment and the best theory for a(T).
Concluding Remarks
The present investigation was undertaken to obtain theoretical values for some critical kinetic parameters identified in modeling NO, reburning experiments under flow-reactor conditions. Specifically, using PES information from a variety of sources, we have calculated rate coefficients for the reactions, HCNO + 0 + HCO+NO (R2) and
and conclude that k, c-7 x 1013 cm3/mole-sec and k, c-2 x lOI3 cm3/mole-sec independent of temperature for 300 K < T < 2700K. With such fast reactions converting HCNO back to NO, reaction (Rla), is not effective in the NO + HCN conversion. Thus the branching fraction of (Rl), a(T), becomes an important parameter in the model,
HCCO + NO -+ HCNO+CO (Ria) + HCN+CO,,
where a(T) = k,,(T)/k,(T).
theoretical methods to calculate a(T), Again using PES information from a variety of sources, we have utilized statisticala(T) = 0.985 exp(-T/1748), for 300 K < T < 1000 K. This result is probably compatible with the value of a(T) = 0.65, independent of temperature, used in the modeling of Glajborg, et al. [ 171 and Miller and Prada [ 181. However, it is inconsistent with a = 0.23 at T = 700 K, the value obtained experimentally by Boullart, et al. [16] . The origin of the discrepancy is not apparent.
Using k, = 2.4 x 1013 cm3/mole-sec independent of temperature, k,, and k,, can be expressed as 
Tables
Results from the statistical-theoretical calculations. a(T) = klb(T)/k,(T) and P(T) = k,,(T)/k,(T). lThe properties of TSDS-0 and TSDS-1 were adjusted to give a value of k, = 2.4 x 10 cm /mole-sec.
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